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a b s t r a c t
Recent studies have pointed out that the presence of salts can change significantly the membrane process 
performances because of the resulting modification of the neutral solutes transfer through the mem- 
brane. The influence of the ionic composition on the transfer of neutral solutes through membranes could 
be explained by a modification of the membrane properties, due to electrostatic effects, by a modification
of the solute radius, likely due to its dehydration induced by the electrolyte, or more probably by a com- 
bination of both. 
This study deals with the investigat ion of the mechanisms governing the mass transfer of neutral spe- 
cies through an ion-exchange membrane used in electrodialysis, CMX, with a focus on the role of ions. 
The mass transfer of various saccharides (xylose, glucose and sucrose) as well as the solvent transfer 
in different electrolytic solutions (NaCl, NH 4Cl, CaCl 2 and MgCl 2) was studied in a diffusion regime. A spe- 
cific procedure has been used to dissociate the solvent or solute fluxes variations due to the modifications
of the solute properties and of the membrane material induced by the electrolyte .
The results showed that the transfer modification is mainly due to the influence of the electrolyte on 
the membrane properties, which is fixed by the membrane soaking. A quantitative correlation has been 
established between the solvent and solute transfer and the hydratio n number of the membrane counter- 
ion. In presence of electrolyte, the saccharide mass transfer increased but the impact of the presence of 
electrolyte is much less than the one of membrane soaking. However, in this case, a relationship has been 
also established between the increase of the saccharide mass transfer and the cation hydration state. 
1. Introduction 
In the context of process intensification, efficient processes , like 
membrane operations, and especially nanofiltration and electrodi- 
alysis, are required for the treatment of complex fluids containing 
variable quantities of organic and mineral species, to fit with envi- 
ronmental regulations as well as product quality constraints. This 
is specially the case in the food industry (production of organic 
acids, sugar industry, milk products, etc.) as well as for environ- 
mental concerns (treatment of waste waters, lixiviates or brines, 
etc.).
However, it was recently pointed out that the presence of elec- 
trolyte can change significantly the process performances because 
of the resulting modification of the neutral solutes transfer [1–8].
In any case, it was observed that, an increasing electrolyte 
concentr ation results in a higher transfer and that this increase 
depends on the nature of the added electrolyte. This was mainly 
observed in the case of nanofiltration while studies relating these 
phenomena with ion-exchange membranes used in electrodialysis 
are rather scarce. Nevertheles s, in the case of the demineraliz ation 
of a synthetic liquid waste, containing acetic acid and different 
kinds of salts, it was reported that the diffusion of acetic acid 
through the ion-exchange membranes changed accordin g to the 
salt composition. It was more important in presence of sodium sul- 
fate or calcium chloride than with sodium chloride [7,8].
The transfer of a neutral solute through a membrane is gov- 
erned by size exclusion which is fixed by the solute to the pore size 
ratio. Then, the mass transfer increase can be ascribed to an 
increase of the pore radius, to a decrease of the solute radius or 
more probably to a combinati on of both. 
Several assumptions have been suggested to explain the influ-
ence of electrolytes on the transfer of neutral solutes [1–3,6].
On one hand, the addition of electrolyte can lead to an increase 
of the membrane charge density and to a higher concentration of 
counter-i ons in the electrical double layer at the pore surface. 
Wang et al. [1] assumed that these electrost atic interactio ns result 
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in a lower hydration shell at the pore surface, whereas Bargeman 
et al. [2] proposed that the stronger repulsion forces between the 
pore walls are likely to lead to an increase of the pore radius, com- 
monly called ‘‘pore swelling’’, assuming a certain elasticity of the 
membrane. For polymeric ion-exchange membran es, like those 
used in electrodial ysis, the electrolyte composition can change 
the membrane characteristics because of membran e/solute inter- 
actions [9]. These membran es are particularly sensitive to the 
swelling, like ion-exch ange resins. The swelling is characteri zed 
by the contact of the materials and the solution due to attractive 
or repulsive forces. It can be described as a variation of the free vol- 
ume inside the material. It depends on the crosslinki ng, the rigidity 
of the material, exchange capacity or the hydration of the fixed site 
as well as on the solution properties such as concentration and nat- 
ure of the solvent and counter-ion. The influence of the electrolyte 
on the swelling of an ion-exchange membrane may be complex 
and can be characterized by various experimental methods such 
as the determination of water content. 
On the other hand, the influence of electrolyte on the overall 
transfer of neutral solutes can be explained by a change in the sol- 
ute propertie s, more particularly by a modification of the solute 
hydration, since it is expected to vary with the ionic composition 
[10]. Indeed, in mixed neutral solute/electrol yte solutions, the 
hydration shells of two neighbor solutes can overlap, displacing 
some water molecules from the hydration shell into the bulk. Then, 
the solutes less hydrated, may have a lower apparent size than in 
the absence of electrolyte and an increased transfer through the 
membrane can be obtained. 
This latter explanation has been firstly proposed by Bouchoux 
et al. [3], who established a link between the hydration of ions 
and the increase of the transfer of organic solutes through NF 
membranes . These results were found to be in agreement with 
the dehydration of neutral solutes in presence of electrolyte since 
more hydrated electrolytes or higher concentr ations inducing a
higher dehydration, tend to increase the solute transfer. 
As explained previousl y, the influence of the ionic composition 
on the transfer of neutral solute through NF or ion-exch ange mem- 
branes could be explained by a modification of the membrane 
properties, and/or by a solute dehydrati on induced by the electro- 
lyte. The contributions of those two coupled phenomena can 
change with respect to the electrolyte composition and to the 
structural properties of the membranes . However , very few studies 
were devoted to the link between the mass transfer and the ionic 
composition to check these assumptions. Moreove r, most of them 
concern NF membranes [6,11].
In this context, the aim of this paper is to investigate the mech- 
anisms governing the transfer of neutral species through a cation- 
membrane with a focus on the influence of the ion composition. 
More precisely, the mass transfer of various saccharides (xylose,
glucose and sucrose) as well as the solvent transfer in presence 
of electrolytes of various hydrations (NH4Cl, NaCl, CaCl 2, MgCl 2)
will be determined in a diffusion regime. A specific procedure will 
be used to dissociate the influence of the solute propertie s and of 
the membran e material, induced by the electrolyte, on the solvent 
and solute transfer. Then, the contribution due to the modification 
of membran e properties as well as solute ones, due to the electro- 
lyte, will be evaluated. 
2. Materials and methods 
2.1. Chemical s
The neutral solutes used in the experiments were saccharides of 
increasing molecular weights, xylose (150.13 g mol ÿ1), glucose 
(180.16 g mol ÿ1) and sucrose (342.29 g mol ÿ1) from Acros Organ- 
ics. Electrolytes containing chloride ions and cations of various 
hydrations were used, NH 4Cl, NaCl, CaCl 2 and MgCl 2 (Acros Organ- 
ics). The correspond ing hydration numbers of the cations are given 
in Table 1 [12,13].
Ultra-pure water (Milli-Q RG, Millipore) was used to prepare 
the solutions. The pH of the various solutions was about (6 ± 0.5)
without any adjustment .
2.2. Analytica l methods 
For any set of experime nts, the saccharide concentratio n was 
analyzed by HPLC with a Dionex ICS 3000 system, using a CarboPac 
PA1 column with an electrochemical ED40 detector. The mobile 
phase was a 150 mM NaOH solution and the flow rate was 
1 mL min ÿ1. The column temperature is set as 30 °C. The injection 
volume is 25 lL.
2.3. Membrane and diffusion set-up 
Diffusion experime nts were carried out with an electrodialy sis 
stack (EUR-2B-10), supplied by Eurodia Industries, equipped with 
a cation exchange membrane, CMX (Neosepta, Tokuyam a corp., 
Japan), a thin film membran e made of polystyrene divinyl benzene 
with sulfonic acid groups. CMX commercial ion-exchange mem- 
brane has been selected since it is widely used for many applica- 
tions of electrodialysis processes (sea water treatment, cheese 
whey demineral ization, food and sugar desalination, etc.). More- 
over, this membrane has been used in the only study which 
pointed out that the presence of electrolyte can change the neutral 
solute transfer [7,8]. The main average characteristics, provided by 
Nomenc lature 
JS saccharide density flux (g m
ÿ2 sÿ1)
J
v os solvent density flux (m
3 mÿ2 sÿ1)
Lp membrane permeability (m s
ÿ1 Paÿ1)
PS solute permeability (g m
ÿ2 sÿ1 Paÿ1)
Greek letters 
DP osmotic pressure (Pa)
l dynamic viscosity (Pa s)
r reflection coefficient
Subscript s
E electrolyte
S saccharide
W water
Abbrevi ations 
Glu glucose 
Suc sucrose 
Xyl xylose 
Table 1
Cation hydration numbers at 25 °C.
Cation NH þ4 Na
+ Ca2+ Mg2+
Hydration number 4.6 6.5 10.4 11.7 
the supplier, are the exchange capacity (1.4–1.7 meq gÿ1), the spe- 
cific electrical resistance (2.0–3.5X cmÿ1) and the thickness (0.16–
0.18 mm).
The diffusion set-up is depicted in Fig. 1. The total membrane 
area in the diffusion cell was 0.2 m2 (10 membranes 0.02 m2 each).
The thickness of the feed and eluate compartme nt was 0.1 cm. The 
compartme nts were co-currently fed by two pumps at a fixed flow
rate of 90 L hÿ1. The feed tank was fed with 2 L of an electrolyte 
solution (or pure water) which contained saccharide at a fixed con- 
centration. The eluate tank was fed with 2 L of a solution at the 
same ionic compositi on (electrolyte or water) but without 
saccharide.
Due to the differenc e of saccharide concentration on either side 
of the membrane, a diffusion saccharide flux takes place from the 
feed to the eluate compartme nt. Meanwhi le, an osmotic flux, can 
also take place in the opposite direction. 
Experiments are carried out in a batch mode during 2 h, with 
initial saccharide and electrolyte concentrations fixed at 1 mol Lÿ1
and 1 eq Lÿ1, respectively . A heat exchanger is used to keep the 
temperature of the fluids at 25 °C.
The diffusion and osmotic fluxes were respectively deduced 
from the variations of the solvent volume and solute mass trans- 
ferred versus time. For all the experiments, these variation s were 
linear (deviation less than 15%) so that one can consider that the 
transfer was carried out at a constant concentration gradient. 
2.4. Experimenta l procedure and data treatmen t
A specific experime ntal procedure was developed to dissociate 
the influence of the modifications of the membrane characterist ics 
from that of the solute properties, induced by the electrolyte, on 
the solvent and solute transfer variation. 
As previously mentioned, the electrolyte has an influence on the 
mass transfer since it fixes the free volume, i.e. the volume acces- 
sible to the diffusing species, inside the material. More precisely, it 
has been shown that the free-volume of ion exchange membranes 
changes with the nature of the membran e counter-i on. Thus, for a
cation-exchang e membran e, the membrane propertie s depend on 
the nature of the cation. 
Therefore, the membranes were previously equilibrated with 
the corresponding electrolyte. They were soaked in 4 L of the elec- 
trolytic solution at 1 eq Lÿ1 for 4 h. Since the ions amount in the 
soaking solution (4 eq) was 50 times higher than the total ion-ex- 
change capacity of the CMX membrane in the diffusion cell (lesser
than 70 meq), this procedure ensured that the counter-ion of the 
membran e was completely exchanged against that of the electro- 
lyte. Then, the membranes were rinsed with ultra-pure water for 
about ten minutes, in order to remove the remaining electrolyte 
solution inside the membrane. This was checked by measuring 
the conductivity during experiments with saccharide/w ater sys- 
tems. The variation was found to be lower than 15 lS cm ÿ1 show-
ing that the electrolyte does not diffuse out of the soaked 
membran e during experiments .
Diffusion experiments were carried out with such condition ed 
membran es using saccharide/w ater and saccharide/elec trolyte 
solutions, respectivel y. This procedure was repeated for each elec- 
trolyte studied in this work. 
The influence of the membrane soaking, i.e. the impact of the 
electrolyte on the membrane propertie s, was estimated from the 
solvent flux density, JW
v os, and the saccharide flux density, J
W
S , mea- 
sured with saccharide/water systems. Then, the overall effect of 
the electrolyte was characteri zed by the solvent flux density, 
JE
v os, and the saccharide flux density, J
E
S , determined with saccha- 
ride/electr olyte solutions. 
In a diffusion regime, the solvent and solute transfer through a
permeab le membrane separating two well-mixed compartme nts 
can be expressed from the equation s, derived from irreversible 
thermod ynamics, proposed by Kedem and Katchalsky [14]. These 
equation s express the osmotic solvent flux density, J
v os, and the 
solute flux density, JS, by the following expressions, respectively: 
J
v os ¼ LprDP ð1Þ
JS ¼ PSDP ð2Þ
where Lp is the membrane permeabi lity to the solvent; DP is the 
osmotic pressure gradient across the membrane ; s and v refer to 
the solute and the solvent , respective ly. PS, is the solute permeabi l- 
ity coefficient, which is specific for each component and r is the 
reflection coefficient, which represents the relativ e restriction of 
the membrane to the solvent or the solute fluxes. It varies from 0
for a freely permeable molecu le to 1 for a non-pe rmeating one. 
Finally, the contributi ons due to the membranes soaking on one 
hand, and to the presence of electrolyte in solution on the other 
hand, on the transfer of the saccharides, were determined using 
the following expressions: 
— contribution due to the membrane soaking :
C ¼
PWS
PES
lw
lE
 100 ð3Þ
— contribution due to the addition of electrolyte :
100ÿ C ¼ 1ÿ
PWS
PES
lw
lE
" #
 100 ð4Þ
where lw and lE are the water and electrolyte solution viscositi es. 
The viscositie s of water and electrolyte are included in these 
expressions in order to take into account the influence of the sol- 
vent viscosity on the diffusion of the saccharide through the mem- 
brane. Indeed, it was explained that the soaking solution inside the 
membran e is replaced by water during the membrane rinsing at 
the end of the soaking procedure. 
The values of the viscosities of the electrolytic solutions used in 
this work are reported in Table 2 [15].
Diffusion Cell
CMX 
membrane
Pump
Eluate
tank
Feed
tank
solute
flux
Pump
Fig. 1. Diffusion set-up diagram. 
Table 2
Dynamic viscosities of the electrolytic solutio ns at 25 °C and [electrolyte] = 1 eq Lÿ1.
Solution Water NH 4Cl NaCl CaCl 2 MgCl2
Viscosity (10ÿ3 Pa s) 0.890 0.872 0.975 1.095 1.084 
3. Results and discussion 
Firstly, diffusion experime nts were carried out with saccharide/ 
water systems for a membrane soaked in a given electrolyte in 
order to highlight the impact of the electrolyte on the membrane 
properties. The solvent and saccharide fluxes were discussed in 
terms of the product of the membrane permeab ility by the reflec-
tion coefficient, Lpr, further called apparent membrane permeabil- 
ity, and of the solute permeability, PS.
Then, the overall impact (membrane and solute properties 
modifications) of the electrolyte on the solvent and saccharide 
transfer was measured with saccharide/e lectrolyte systems. 
Finally, the contributions due to the membrane soaking on one 
hand, and to the presence of electrolyte in solution on the other 
hand, on the transfer of the saccharides, were determined. 
3.1. Influence of the membrane soaking 
As previously mentioned, the impact of the electrolyte on the 
membrane propertie s is evaluated from the diffusion fluxes
obtained with saccharide/w ater systems and a membran e previ- 
ously soaked in a given electrolyte. 
The variations of the solvent volume and of the mass of sucrose 
transferred versus time through the membranes soaked in NH 4Cl,
are plotted in Figs. 2 and 3, respectively . The same tendencies are 
obtained for the other saccharides and membrane soakings (results
not shown). Since these variations are linear (deviation from line- 
arity < 15%), one can obtain the solvent and solute flux densities 
from the slope of the corresponding straight and the total mem- 
brane area. The correspondi ng values of the flux densities, JW
v os
and JWS , for various membran e soakings and saccharides, are 
reported in Tables 3 and 4, respectivel y. 
The apparent membrane permeab ility, ðLPrÞ
W , and the solute 
permeabilit y, PWS , are then determined knowing the osmotic pres- 
sure gradient (using Eqs. (1) and (2)). For a saccharide concentra- 
tion fixed at 1 mol Lÿ1, the osmotic pressure of xylose, glucose 
and sucrose are 28, 29 and 35 (105) Pa, respectively [16,17].
The correspondi ng values of the apparent membran e permeability 
and solute permeability, obtained for the different membran e soa- 
kings, are given in Tables 3 and 4, respectively .
Considering that the transfer of saccharide is governed by steric 
effects, the transfer is expected to decrease for an increasing sac- 
charide size. This is confirmed by the values of JWS and P
W
S given
in Table 4.
Moreover, one can observe that, for a given membrane soaking, 
the apparent membrane permeabilit y increases with the saccha- 
ride size: ðLPrÞ
W
Xyl < ðLPrÞ
W
Glu < ðLPrÞ
W
Suc .
This result is in agreement with the expected variation of the 
reflection coefficient, r, which measure s the restriction to the sol- 
ute transfer. Indeed, this paramete r, ranged between 0, for a freely 
permeab le solute, and 1, for a completely retained molecule , is 
expected to increase with the size of a neutral solute. 
Concerning the influence of the membran e soaking, these re- 
sults show that, for a given saccharide, the apparent membrane 
permeab ility, as well as the solute permeab ility, vary according 
to the following sequence: NH 4Cl > NaCl > CaCl2 > MgCl2.
The ratio between the highest solvent membrane permeabilit y, 
i.e. for NH 4Cl soaking, and the lowest one, i.e. for MgCl 2, ranges 
between 2.2 and 2.8 according to the saccharide. While for the sol- 
ute permeability, this ratio ranges between 4 and 5. Thus, the sol- 
ute transfer is more affected than the solvent one by the 
modification of the membran e soaking. 
These results can also be correlate d to the hydration scale of the 
membran e counter-ion: NH þ4 < Na
þ
< Ca2þ < Mg2þ. The variation 
of the membran e permeabilit y, ðLPrÞ
W , and solute permeabilit y, 
PWS , versus the cation hydration number, given in Table 1, are rep- 
resented in Figs. 4 and 5, respectivel y. One can observe that the 
membran e permeability as well as the solute permeabilit y
decrease with the hydration number of the cation, i.e. the counter 
ion. Moreove r, for both solvent and solute transfer, a linear relation 
is obtained depending on the saccharide nature, even if the values 
obtained with xylose and glucose in NaCl soaking are systemati -
cally lower than those expected from the linear variation .
These solvent and solute transfer variations reflect changes in 
the membrane properties associated with the hydration of the 
counter-i on coming from swelling mechanism s at a microscopic 
scale. These effects were particularly studied in the case of 
ion-exch ange resins [18,19] and Nafion membranes [20]. In pres- 
ence of solvent, the ion exchanger usually expands or swells due 
to the combination of different phenomena such as the solvation 
of the fixed and mobile ions, the osmotic pressure difference be- 
tween the solutions inside and outside the ion-exchanger and 
the electrostatic repulsion between the fixed ionic groups [18].
Ion exchangers swell in solvent only to a limited degree since 
swelling equilibrium is reached when the expanded forces balance 
the contractive force of the elastic matrix. As previously men- 
tioned, the influence of the nature of the counter-ion on the swell- 
ing of an ion exchanger may be very complex. Indeed, for 
moderate ly and highly cross-linked ion-exchanger s, swelling in- 
creases with the counter-ion hydration whereas this order may 
be partially or completely reversed in very highly cross-link ed 
ion-exch angers due to incomplete solvation. 
Fig. 2. Variation of volume in the feed and eluate compartments versus time for 
sucrose/water solutions and for a membrane soaked in NH 4Cl at 25 °C; 
[Sucrose] = 1 mol Lÿ1.
Fig. 3. Variation of the mass of sucrose transferred in the eluate compartment 
versus time for sucrose/water solutions and for a membrane soaked in NH 4Cl at 
25 °C; [Sucrose] = 1 mol Lÿ1.
Various experime ntal methods were proposed and used to 
characterize ion-exchange membran e swelling such as the deter- 
mination of the water content which is considered to be a key 
parameter in the transport behavior [21,22]. Indeed, the water 
content can be used to characteri ze the hydration state of the 
membran e and to give an image of possible structural modifica-
tions of it. The influence of the nature of the counter-ion on the 
water content has been mainly investigated with Nafion cation-ex- 
change membranes for which the water content values range be- 
tween 4 and 30% according to the nature of the counter-ion. It 
was reported that the water content increases for decreasing atom- 
ic number or size of the cation and that the water content rises for 
increasing hydration number of the counter-ion [22–25]. In the 
case of alkali ions, the water content increases according to the fol- 
lowing sequence: Cs + < K+ < Na + < Li +. It was also observed that the 
water content increases with the cation valence: monova- 
lent < divalent < trivalent [23,25]. As an example, when the water 
content in alkali ion-form ranges between 7.5% and 10.2%, values 
of 14.7%, 16.7% and 18.9% are obtained with Ca 2+, Mg 2+ and Al 3+
counter ions, respectively [25].
The water content of the CMX membrane considered in this 
work is about 25–30% [26–28]. Few studies have been devoted to 
investiga te the influence of the nature of the counter-i on on this 
type of membrane. Tuan et al. have investiga ted the propertie s of 
CMS and CMV cation-exchang e membranes which are also made 
of polystyrene divinyl benzene with sulfonic acid groups [9,29].
They have shown that the water content in the H+-form is 
27–29%, and is slightly lower in Na +-form, 20–24%, Na + being less 
hydrated than H+. These results are in agreement with those ob- 
tained with Nafion membranes .
But an important distinction has to be made between the 
‘‘bound solvent’’ content (solvent in the solvation shells) and the 
‘‘free solvent’’ content (not in the solvation form), this last being 
the more relevant property to interpret the transfer of neutral sol- 
utes through ion-exchange membranes . Indeed, it is well known 
that swelling and water content of the alkali ion-forms of strong 
cation-ex changers increase with the hydration of the counter-ion 
whereas the free-water content decreases [18,30].
The determination of the membrane electrical conductivi ty, 
based on impedance spectroscopy methods, has been also used 
to characterize ion-exchange membranes in various electrolytes .
The experimental results are usually interpreted using the micro- 
heteroge neous model [31], which represents an ion-exchange 
membran e as a two phases system, containing a gel and an 
inter-gel phases. The gel phase includes the polymer matrix, the 
fixed and mobile ions and water. The inter-gel phase represents 
Table 3
Solvent density fluxes and appare nt membrane permeabilities for saccharide/water and saccharide/electrolyte systems at 25 °C.
Electrolyte Saccharide/water Saccharide/electrolyte 
JW
v os (10
ÿ8 m3 mÿ2 sÿ1) ðLPrÞ
W (10ÿ15 m sÿ1 Paÿ1) JE
vos (10
ÿ8 m3 mÿ2 sÿ1) ðLPrÞ
E (10ÿ15 m sÿ1 Paÿ1)
Xyl Glu Suc Xyl Glu Suc Xyl Glu Suc Xyl Glu Suc 
NH 4Cl 3.2 3.9 5.3 11.4 13.6 15.2 3.1 3.9 5.4 11.2 13.3 15.5 
NaCl 2.7 2.8 3.8 9.4 9.5 10.9 2.3 2.9 4.2 8.1 9.8 11.9 
CaCl 2 1.9 1.9 2.5 6.7 6.7 7.1 2.0 2.1 2.9 7.2 7.1 8.4 
MgCl 2 1.5 1.7 1.9 5.2 5.8 5.5 1.5 1.7 2.4 5.4 5.7 6.9 
Table 4
Saccharides density fluxes and solute permeabilities for saccharide/water and saccharide/electrolyte systems at 25 °C.
Electrolyte Saccharide/water Saccharide/electrolyte 
JWS (10
ÿ3 g mÿ2 sÿ1) PWS (10
ÿ10 g mÿ2 sÿ1 Paÿ1) JSE (10
ÿ3 g mÿ2 sÿ1) PES (10
ÿ10 g mÿ2 sÿ1 Paÿ1)
Xyl Glu Suc Xyl Glu Suc Xyl Glu Suc Xyl Glu Suc 
NH 4Cl 3.5 3.0 0.9 12.4 10.0 2.5 3.8 3.4 1.0 13.6 11.7 2.8 
NaCl 2.0 1.6 0.5 7.1 5.3 1.4 2.2 1.7 0.5 7.8 5.9 1.4 
CaCl 2 1.5 1.1 0.3 5.4 3.8 0.7 1.6 1.1 0.3 5.7 3.9 1.0 
MgCl 2 0.9 0.7 0.2 3.2 2.2 0.5 1.0 0.7 0.2 3.5 2.5 0.5 
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the inner parts of the meso- and macropores, which can be consid- 
ered as a free volume inside the material. It is supposed to have the 
same properties as the outer solution. 
Several works showed that the influence of the counter-ion on 
the inter-gel phase fraction depends on the nature of the mem- 
brane material. For instance, high values of the inter-gel phase 
fraction (more than 30%) were obtained for heteroge neous 
ion-exchange membranes have because of the macro porous cavi- 
ties separating the inert material and the ion-exchange particles 
[32]. But no tendency can be drawn concerning the influence of 
the counter ion since the values do not change significantly enough 
[33,34]. On the contrary, with homogeneous ion-exchange mem- 
branes that are less macro porous, several works showed that the 
inert-gel volume fraction depends on the nature of the electrolyte. 
For instance, in the case of a CMX membrane, it has been observed 
that for a given anion (Clÿ) the inter-gel fraction decreases from 
32% to 11% when the cation, NH þ4 , is replaced by Na 
+, which is more 
hydrated [26,35]. Similarly, but to a lesser extent, it was reported 
that the inter-gel fraction of a CM2 membran e is higher in 
Na+-form (7%) than in Li +-form (5%) which is more hydrated [36].
On the contrary, for CMS and CMV cation exchange membranes ,
it was observed that for a given anion ðSO2ÿ4 Þ the inter-gel fraction 
decreases from 29% and 19% down to 13% and 10%, respectively ,
when the cation, H+, is replaced by Na +, which is less hydrated 
[9,29]. The highest values observed for H+-form can be due to its 
specific hydration, as it has been previousl y suggested to explain 
the current–voltage curve of CMX membran e in contact with HCl 
solution [37].
The influence of the counter-ion has been also observed with 
anion-exchang e membran es. For monovalent anions, no clear ten- 
dency can be drawn since the values do not change significantly. 
However, the influence of the anion valence was pointed out with 
various anion-exchang e membranes (AFN, AMX, ACS and ACM) by 
Elattar et al. [38] and Pismenkaya et al. [39]. It was observed that 
the inter-gel phase fraction decreases for increasing anion valence, 
i.e. hydration number. For instance in the case of AMX membranes ,
inter-gel fraction of 25%, 15% and 5% were obtained for mono- (Clÿ,
Fÿ, NO ÿ3 ), di- ðSO
2ÿ
4 Þ and trivalent ðPO
3ÿ
4 Þ anions respectivel y. 
The ‘‘free volume’’ in ion-exchange membranes can be also esti- 
mated from Positron Annihilation Lifetime Spectroscopy (PALS).
PALS has been developed as a powerful tool for the microscopic 
structure characteri zation of a variety of polymer such as poly(eth-
ylene oxide) films [40,41], Nafion membranes [42,43] or thin film
composite polyamide nanofiltration membranes [44,45]. This 
method correlated the lifetime and relative intensity of positrons 
(anti-electrons) annihilating in the free volume of the membrane 
with the free volume element size and the fraction of free volume. 
It is recognized that the free volume values obtained by PALS cor- 
relates well with transport properties in polymeric material as 
diverse as gas separation membranes and hydrated polymer 
hydrogels [46]. However, few works have been devoted to the 
investigatio n of the influence of the nature of the counter-ion on 
the free volume of ion-exchange membranes. Nevertheles s, in the 
case of Nafion membran e, it has been shown that the free volume 
increases as the size of monovalent cations increases, i.e. as the cat- 
ion hydration decrease s, according to the following sequence : H+ -
 Li+ < Na + < K+  Rb+ < Cs + [42]. Moreover, this work also pointed 
out a lower free volume for a Nafion membran e soaked with diva- 
lent cations which are more hydrated than monovalent ones. 
The solvent and solute transfer variations reflect changes in the 
membrane properties at microscopic scale such as the free volume. 
A previously discussed, water content, membran e electrical con- 
ductivity and PALS measureme nts can be used to investiga te the 
influence of the counter-i on on the ion-exchange membran e prop- 
erties. From these results, one can conclude that the free volume of 
ion-exchange membranes decreases with the hydration of the 
counter-i on. Therefore, the presence of a more hydrated counter- 
ion is expected to reduce the free volume in the material, and thus 
decreasing the solvent and solute transfer. This is in agreement 
with the experimental results reported in this work. 
3.2. Influence of the presence of electrolyte 
A previously mentioned, experiments were carried out with 
saccharide/e lectrolyte systems to evaluate the overall impact 
(membrane and solute properties modifications) of the electrolyte 
on the solvent and saccharide transfer. 
In any case, as observed for saccharide/water systems, the vari- 
ations of the volume and mass of saccharide transferred versus 
time are linear (deviation from linearity < 15%; results not shown).
The flux densities, JE
v os and J
E
S , for the various saccharide/elec trolyte 
systems, are reported in Tables 3 and 4, respectively . The corre- 
sponding apparent membrane permeabilit y, ðLPrÞ
E, and solute per- 
meability , PES , are also reported. 
Concerning the solvent transfer, the values of JE
v os and ðLP rÞ
E
obtained in presence of various electrolytes are close to those mea- 
sured in water. Concerning the saccharide transfer parameter, PES ,
one can observe that the values are systemati cally higher in pres- 
ence of electrolyte compared to those obtained in water. These 
results are in agreement with previous ones obtained during elec- 
trodialysi s [7,8] as well as nanofiltration experiments [1–6], show- 
ing that the transfer of a neutral solute is increased by the addition 
of an electrolyte. 
Then, in order to evaluate the influence of the electrolyte nat- 
ure, the contributi ons due to the membranes soaking on one hand, 
and to the presence of electrolyte in solution on the other hand, on 
the transfer of the saccharides are determined using Eqs. (3) and 
(4).
The results are plotted in Fig. 6 for the 3 saccharides and the dif- 
ferent electrolytes investigated .
One can observe that the contribution due to the presence of 
electrolyte in solution is lower than that of the membrane soaking. 
On the other hand, for a given electrolyte, the impact of the pres- 
ence of electrolyte is of the same order of magnitude regardles s
the saccharide nature, except for sucrose/CaCl 2 system for which 
higher values are obtained. 
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Fig. 6. Contributions of the membranes soaking and the presence of electrolyte on 
the saccharide transfer: influence of the electrolyte nature. 
Finally, the contributi on due to the electrolyte addition in- 
creases according to the following sequence: NH 4Cl <
NaCl < CaCl2 < MgCl2, except for sucrose/CaCl 2 system.
These results can be correlated to the hydration scale of ions. In- 
deed, for a given anion, Cl ÿ, the saccharide transfer is even higher 
than the cation is hydrated. 
These results can be put in parallel with those obtained in a pre- 
vious study, in which identical saccharide/e lectrolyte systems 
were used with a nanofiltration membran e [11].
Firstly, the specific behavior for sucrose/CaCl 2 system was also 
pointed out and explained by strong interactio ns existing between 
sucrose and calcium ions [47,48].
Secondly, it was also shown that the diffusion flux through the 
nanofiltration membrane systematically increases in presence of 
electrolytes compared to water. This increase was found to be 
more important in presence of more hydrated ions in solution. 
Finally, it was concluded that the main contributi on is due to the 
influence of the electrolyte on the saccharide properties. On the 
contrary, with the CMX membrane used in the present study, we 
have shown that the impact of the membrane soaking is prepon- 
derant. However , common figures can be drawn with the two types 
of membran e regarding the influence of the electrolyte on the sol- 
ute properties and its consequences on the solute transfer. Indeed, 
it is observed that, for a same anion, Cl ÿ, the impact due to the 
presence of the electrolyte increases with the hydration of the cat- 
ion: Na + < Ca 2+ < Mg 2+.
Meanwhile, the hydration state of saccharides in various elec- 
trolyte solutions was also investiga ted, under the same conditions 
as those used in the present work. A physicochemi cal parameter, 
the apparent molar volume obtained from density measure ments, 
was chosen to characteri ze the solute hydration [11]. It was shown 
that the saccharides are less hydrated in presence of more 
hydrated ions and for increasing electrolyte concentratio ns. It 
was thus concluded that the increase of the saccharide transfer 
as observed in nanofiltration in presence of electrolyte is due to 
the resulting dehydration. 
Accordingly , the variation of the contribution due to the pres- 
ence of the electrolyte on the saccharide flux through a cation 
exchange membrane is in agreement with the assumption of the 
dehydration of neutral solutes in presence of electrolyte since 
more hydrated ions induce a higher dehydration. 
4. Conclusion 
The aim of this work was to investigate the transfer of neutral 
species such as saccharides through a cation-exchang e membran e
with a focus on the role of ions. Indeed, previous studies had dem- 
onstrated that the transfer of neutral solutes depends on the nature 
of the added electrolyte. Different assumptions have been pro- 
posed to explain such phenomenon, like the modification of the 
membrane properties, and/or the solute dehydration induced by 
the electrolyte. 
The methodology proposed in this study was based on the 
experimental determinati on of the solvent and solute transfer in 
various electrolyte solutions in a diffusion regime. A procedure 
has been used to dissociat e the impact of the electrolyte due to 
the modifications of the solute properties from that coming from 
the possible change of the membrane properties. 
It was shown that the solvent and solute transfer systematical ly 
decreased with the increase of the counter-ion hydration. More- 
over, a quantitative correlation was drawn between the solvent 
and solute transfer and the hydration number of the membrane 
counter-ion. These modifications were related to the influence of 
the electrolyte nature on the membrane swelling, as previously 
observed with ion-exchange membran es. Indeed, the presence of 
more hydrated counter-ion in the membrane leads to a decrease 
of the free-water content or the free volume and therefore to a
decrease of the solvent and solute transfer. 
In presence of electrolyte, the saccharide mass transfer in- 
creased compared to that in water but the impact of the presence 
of electrolyte was much less than the one of the membrane soak- 
ing. Nevertheless, a relationship has been established between 
the increase of the saccharide transfer and the cation hydration 
state. Indeed, it has been pointed out that this increase is more 
important in presence of more hydrated cations. These results 
were put in parallel with the hydration state of saccharides in pres- 
ence of electrolyte determined in a previous study. In this manner 
the contribution due to the presence of the electrolyte on the sac- 
charide flux through a cation exchange membrane was found to be 
in agreement with the assumpti on of the partial dehydration of 
neutral solutes in presence of electrolyte since more hydrated elec- 
trolytes induce less hydrated solutes. 
Further work will be devoted to investigate the membrane/elec- 
trolyte interactio ns to evaluate the influence of the counter-ion 
nature on the membrane swelling for the systems (membrane
and electrolyte) used in this study on one hand, and to study the 
impact of these phenomena during the demineraliz ation of salted 
fluids containing a neutral organic solute by electrodialysis , on 
the other hand. 
Acknowled gements 
L’Agence Nationale pour la Recherche (ANR) provided the finan-
cial support in the frame of the PROMEMSEL program. The authors 
would like to thank Dr. Ernest Casademont for his engineering 
assistance.
References
[1] X.-L. Wang, C. Zhang, P. Ouyang, The possibility of separating saccharides from 
a NaCl solution by using nanofiltration in diafiltration mode, J. Membr. Sci. 204 
(2002) 271–281.
[2] G. Bargeman, J.M. Vollenbroek, J. Straatsma, C.G.P.H. Schroën, R.M. Boom, 
Nanofiltration of multi-component feeds. Interactions between neutral and 
charged components and their effect on retention, J. Membr. Sci. 247 (2005)
11–20.
[3] A. Bouchoux, H. Roux-de Balmann, F. Lutin, Nanofiltration of glucose and 
sodium lactate solutions: variations of retention between single- and mixed- 
solute solutions, J. Membr. Sci. 258 (2005) 123–132.
[4] S. Bouranene, A. Szymczyck, P. Fievet, A. Vidonne, Influence of inorganic 
electrolytes on the retention of polyethyleneglycol by a nanofiltration ceramic 
membrane, J. Membr. Sci. 290 (2007) 216–221.
[5] C. Umpuch, S. Galier, S. Kanchanatawee, H. Roux-de Balmann, Nanofiltration as 
a purification step in production process of organic acids: selectivity 
improvement by addition of an inorganic salt, Process Biochem. 45 (2010)
1763–1768.
[6] A. Escoda, P. Fievet, S. Lakard, A. Szymczyck, S. Déon, Influence of salts on the 
rejection of polyethyleneglycol by a NF organic membrane: pore swelling and 
salting-out effects, J. Membr. Sci. 347 (2010) 174–182.
[7] E. Singlande, Integrated Process Coupling Electrodialysis and Upstream 
Biological Treatment: Influence of the Ionic Composition and Application to 
the Treatment of Salted Liquid Wastes, Ph.D. Thesis Université Paul Sabatier, 
Toulouse, France, 2006. 
[8] E. Singlande, H. Roux-de Balmann, X. Lefevbre, M. Sperandio, Improvement of 
the treatment of salted liquid waste by integrated electrodialysis upstream 
biological treatment, Desalination 199 (2006) 64–66.
[9] L.X. Tuan, C. Buess-Herman, Study of water content and microheterogeneity of 
CMS cation exchange membrane, Chem. Phys. Lett. 434 (2007) 49–55.
[10] K. Zhuo, J. Wang, Y. Yue, H. Wang, Volumetric properties for monosaccharide 
(D-xylose, D-arabinose, D-glucose, D-galactose)–NaCl–water systems at 
298.15 K, Carbohydr. Res. 328 (2000) 383–391.
[11] V. Boy, H. Roux-de Balmann, S. Galier, Relationship between volumetric 
properties and mass transfer through NF membrane for saccharide/electrolyte 
systems, J. Membr. Sci. 390–391 (2012) 254–262.
[12] Y. Marcus, Ion Properties, Marcel Dekker, Inc., New York, USA, 1997. 
[13] Y. Marcus, Effect of ions on the structure of water: structure making and 
breaking, Chem. Rev. 109 (3) (2009) 1346–1370.
[14] O. Kedem, A. Katchalsky, A physical interpretation of the phenomenological 
coefficients of membrane permeability, J. Gen. Physiol. 45 (1961) 143–179.
[15] R.C. Weast, CRC Handbook of Chemistry and Physics, 63rd ed., CRC Press, 
Chemical Rubber Publishing Company, Boca Raton, USA, 1987. 
[16] N. Mogi, E. Sugai, Y. Fuse, T. Funazukuri, Infinite dilution binary diffusion 
coefficients for six sugars at 0.1 MPa and temperatures from (273.0 to 353.2) K, 
J. Chem. Eng. Data 52 (2007) 40–43.
[17] S. Sourirajan, Reverse Osmosis, Logos Press Limited, London, 1970. 
[18] F. Helfferich, Ion Exchange, Series in Advanced Chemistry, McGraw-Hill Book 
Compagny, inc., New York, USA, 1962. 
[19] C. Calmon, Application of volume characteristics of sulfonated polystyrene 
resins as a tool in analytical chemistry, Anal. Chem. 25 (1953) 490–492.
[20] G. Gebel, Structural evolution of water swollen perfluorosulfonated ionomers 
from dry membrane to solution, Polymer 41 (2000) 5829–5838.
[21] N.P. Berezina, N.A. Kononenko, O.A. Dyomina, N.P. Gnusin, Characterization of 
ion-exchange membrane materials: properties vs structure, Adv. Colloid Int. 
Sci. 139 (2008) 3–28.
[22] M.A. Izquierdo-Gil, V.M. Barragàn, J.P.G. Villaluenga, M.P. Godino, Water 
uptake and salt transport through Nafion cation-exchange membranes with 
different thicknesses, Chem. Eng. Sci. 72 (2012) 1–9.
[23] J.P.G. Villaluenga, V.M. Barragàn, B. Seoane, C. Ruiz-Bauzà, Sorption and 
permeation of chloride salts, water and methanol in a Nafion membrane, 
Electrochim. Acta 51 (2006) 6297–6303.
[24] C.E. Evans, R.D. Noble, S. Nazeri-Thompson, B. Nazeri, C.A. Koval, Role of 
conditioning on water uptake and hydraulic permeability of NafionÒ
membranes, J. Membr. Sci. 279 (2006) 521–528.
[25] Y. Iwai, T. Yamanishi, Thermal stability of ion-exchange Nafion N117CS 
membranes, Polym. Degrad. Stab. 94 (2009) 679–687.
[26] J.H. Choi, S.H. Kim, S.H. Moon, Heterogeneity of ion-exchange membranes: the 
effects of membrane heterogeneity on transport properties, J. Colloid Interface 
Sci. 241 (2001) 120–126.
[27] M.S. Kang, S.H. Cho, S.H. Kim, Y.J. Choi, S.H. Moon, Electrodialytic separation 
characteristics of large molecular organic acid in highly water-swollen cation- 
exchange membranes, J. Membr. Sci. 222 (2003) 149–161.
[28] R.K. Nagarale, G.S. Gohil, V.K. Shahi, Recent developments on ion-exchange 
membranes and electro-membrane processes, Adv. Colloid Int. Sci. 119 (2006)
97–130.
[29] L.X. Tuan, M. Verbanck, C. Buess-Herman, H.D. Hurwitz, Properties of CMV 
cation exchange membranes in sulphuric acid media, J. Membr. Sci. 284 (2006)
67–78.
[30] I. Cabasso, Z.H. Liu, T. Makenzie, The permselectivity of ion-exchange 
membranes for non-electrolyte liquid mixtures. II. The effect of counterions 
(separation of alcohol/water mixtures with nafion membranes), J. Membr. Sci. 
28 (1986) 109–122.
[31] V.I. Zabolotsky, V.V. Nikonenko, Effect of structural membrane inhomogeneity 
on transport properties, J. Membr. Sci. 79 (1993) 181–198.
[32] H.J. Lee, M.K. Hong., S.D. Han, S.H. Moon, Influence of the heterogeneous 
structure on the electrochemical properties of anion exchange membranes, J. 
Membr. Sci. 320 (2008) 549-555. 
[33] P.V. Vyas, P. Ray, R. Rangarajan, S.K. Adhikary, Electrical conductance of 
heterogeneous cation-exchange membranes in electrolyte solutions, J. Phys. 
Chem. B 106 (2002) 11910–11915.
[34] G.S. Gohil, V.K. Shahi, R. Rangarajan, Comparative studies on electrochemical 
characterization of homogeneous and heterogeneous type of ion-exchange 
membranes, J. Membr. Sci. 240 (2004) 211–219.
[35] N.D. Pismenskaya, E.I. Belova, V.V. Nikonenko, C. Larchet, Electrical 
conductivity of cation- and anion-exchange membranes in ampholyte 
solutions, Russian J. Electrochem. 44 (2008) 1285–1291.
[36] L. Chaabane, L. Dammak, V.V. Nikonenko, G. Bulvestre, B. Auclair, The influence
of absorbed methanol on the conductivity and on the microstructure of ion- 
exchange membranes, J. Membr. Sci. 298 (2007) 126–135.
[37] J.H. Choi, H.J. Lee, S.H. Moon, Effects of electrolytes on the transport 
phenomena in a cation-exchange membrane, J. Colloid Interface Sci. 238 
(2001) 188–195.
[38] A. Elattar, A. Elmidaoui, N. Pismenskaia, C. Gavach, G. Pourcelly, Comparison of 
transport properties of monovalent anions through anion-exchange 
membranes, J. Membr. Sci. 143 (1998) 249–261.
[39] N. Pismenkaya, E. Laktionov, V. Nikonenko, A. El Attar, B. Auclaire, G. Pourcelly, 
Dependence of composition of anion-exchange membranes and their 
conductivity on concentration of sodium salts of carbonic and phosphoric 
acids, J. Membr. Sci. 181 (2001) 181–197.
[40] C. Trotzig, S. Abrehmsen-Alami, F.H.J. Maurer, Structure and mobility in water 
plasticized poly(ethylene oxide), Polymer 48 (2007) 3294–3305.
[41] H. Ju, A.C. Sagle, B.D. Freeman, J.I. Mardel, A.J. Hill, Characterization of sodium 
chloride and water transport in crosslinked poly(ethylene oxide) hydrogels, J. 
Membr. Sci. 358 (2010) 131–141.
[42] H.S. Sodaye, P.K. Pujari, A. Goswami, S.B. Manohar, Probing the microstructure 
of Nafion-117 using positron annihilation spectroscopy, J. Polym. Sci. Part B
Polym. Phys. 35 (1997) 771–776.
[43] H.F.M. Mohamed, K. Ito, Y. Kobayashi, N. Takimoto, Y. Takeoka, A. Ohira, Free 
volume and permeabilities of O2 and H2 in Nafion membranes for polymer 
electrolyte fuel cells, Polymer 49 (2008) 3091–3097.
[44] K.L. Tung, Y.C. Jean, D. Nanda, K.R. Lee, W.S. Hung, C.H. Lo, J.Y. Lai, 
Characterization of multilayer nanofiltration membranes using positron 
annihilation spectroscopy, J. Membr. Sci. 343 (2009) 147–156.
[45] Y.H. Huang, W.C. Chao, W.S. Hung, Q.F. An, K.S. Chang, S.H. Huang, K.L. Tung, 
K.R. Lee, J.Y. Lai, Investigation of fine-structure of polyamide thin-film
composite membrane under swelling effect by positron annihilation lifetime 
spectroscopy and molecular dynamics simulation, J. Membr. Sci. 417–418
(2012) 201–209.
[46] W. Xie, H. Ju, G.M. Geise, B.D. Freeman, J.I. Mardel, A.J. Hill, J.E. McGraph, Effect 
of free volume on water and salt transport properties in directly 
copolymerized disulfonated poly(arylene ether sulfone) random copolymers, 
Macromolecules 44 (2011) 4428–4438.
[47] I. Pedruzzi, E.A. Borges da Silva, A.E. Rodrigues, Selection of resins, equilibrium 
and sorption kinetics of lactobionic acid, fructose, lactose and sorbitol, Sep. 
Purif. Technol. 63 (2008) 600–611.
[48] C. Nobre, M.J. Santos, A. Dominguez, D. Torres, O. Rocha, A.M. Peres, I. Rocha, 
E.C. Ferreira, J.A. Teixeira, L.R. Rodriguez, Comparison of adsorption 
equilibrium of fructose, glucose and sucrose on potassium gel-type and 
macroprous sodium ion-exchange resins, Anal. Chim. Acta 654 (2009) 71–76.
